A hybrid TiO 2 -carbon nanofiber hierarchical nanostructure has been fabricated by the metal-organic chemical vapor deposition of a TiO 2 layer onto the vertically aligned carbon nanofiber array. As the deposition time increases from 10 to 60 min, the TiO 2 coating changes from the particulated conformal ultrathin film to a nanoneedle-like texture along the sidewall of the carbon nanofibers. X-ray diffraction indicates that the TiO 2 form anatase crystals with the coherent length over 50 nm, in good agreement with transmission electron microscopy images. Photoluminescence spectra are taken at both room temperature and 10 K. The absence of photoluminescence emission indicates that the electron-hole recombination in TiO 2 is completely quenched in such core-shell hybrid structure. The charge separation may be much more effective at the TiO 2 -carbon nanofiber heterojunction. The nanoneedle-like texture drastically increases the effective surface area of the TiO 2 while maintaining a much more effective electrical wiring through the highly conductive carbon nanofiber core. Such hierarchical architecture may be used as a novel anode material for dye-sensitized solar cells.
Introduction
Inspired by natural photosynthesis, dye-sensitized solar cell (DSC) has been developed to convert the photo energy into electricity. 1 At the heart of the device is a mesoporous oxide layer composed of a network of TiO 2 nanoparticles (NPs), which have been sintered together to establish electronic conduction. The nanostructured TiO 2 network is used as a scaffold to hold a large number of dye molecules to increase photon absorption in a given geometric area of the DSC. However, the electron transport rate in such random TiO 2 NP network is strongly influenced by the density of interconnected electron pathway. To improve the electron transport and decrease the electron trap due to recombination with oxidized sensitizers at the NP surface, oriented TiO 2 nanotube (NT) arrays, 2, 3 ZnO nanowires (NWs) with a branched structure, 4 and an array of oriented singlecrystalline ZnO NWs 5 have been employed to replace the NP film as anodes in DSCs. Electron transport in crystalline NWs is expected to be several orders of magnitude faster than percolation through a random polycrystalline network. The direct electronic pathways provided by the NWs ensure the rapid collection of charge carriers generated throughout the device, 5 which is particularly promising for future DSCs. However, the energy conversion efficiency of these NW-based DSCs (1.5-2.5%) is significantly lower than the traditional DSCs 6 (7.1-10.4%), presumably due to the smaller surface area of semiconductor materials (only ∼1/5 of that of TiO 2 NP film in traditional DSCs). 5 On the other hand, the intrinsic electrical properties of semiconductor NWs as an electron pathway need to be reexamined. A ZnO NW with 50 nm diameter and 5 µm length was measured with a resistance of 1-3.5 MΩ, 5, 7 which is far from a good ohmic connetion. Vertically aligned carbon nanofibers (VACNFs), a variant of aligned multiwalled carbon nanotubes (MWCNTs) grown by plasma enhanced chemical vapor deposition (PECVD), have shown perfect linear I-V characteristics with a resistance of less than 10 kΩ at the same dimension (corresponding to a resistivity F ) (4-7) × 10 -4 Ω-cm) using two-terminal measurements from the ends of CNFs. 8, 9 This is close to the value using four-probe side-contact measurements on individual CNFs (F ) (3-7) × 10 -3 Ω-cm). 10 A recent paper demonstrated that needle-like metal structures with higher electrically active surface area can be electroless deposited on VACNFs. 11 It would be very interesting to deposit TiO 2 with similar structures for DSCs. In addition, CNFs have a work function similar to that of MWCNTs, 12 matching that of transparent indium-tin-oxide (ITO) electrodes. 13 Thus, CNFs and CNTs can serve as ideal electron pathways to collect electrons from photoexcited dye molecules. The superior vertical alignment and strong mechanical properties of VACNFs also make them an ideal nanostructured template to support a thin TiO 2 coating that is required as a barrier for electron-hole separation. Here, we demonstrate the formation of such a hybrid TiO 2 -VACNF hierarchical nanostructure by the metal-organic chemical vapor deposition (MOCVD) of TiO 2 onto VACNF templates. Interestingly, after sufficient deposition, TiO 2 forms a nanoneedle-like texture with greatly enhanced surface area. Such a hierarchical architecture is expected to improve both the TiO 2 surface area and the efficiency of electron collection in DSCs.
The potential in enhancing the capture and transport of photogenerated electrons through highly conductive long CNTs has been explored in a few recent studies. Konkanand et al. 14 demonstrated that TiO 2 NPs dispersed on single-walled carbon nanotube (SWCNT) network scaffolds could boost the photoconversion efficiency of a photoelectrochemical cell by a factor of 2. Yu et al. 15 have reported the deposition of TiO 2 NPs on aligned MWCNTs grown on a Ti foil. The photoelectrochemical studies indicated that the TiO 2 -MWCNT heterojunction could minimize the recombination of photoinduced electrons and holes, generating a short circuit photocurrent 5 times more than that of the aligned TiO 2 nanotubes on Ti substrates.
Clearly, the conversion efficiency of DSCs can be improved if we further increase the surface area of the scaffolds and improve photoinduced charge separation and carrier transport by the introduction of a better TiO 2 -CNT heterojunction at the anode. Here, we report on the fabrication of a hybrid TiO 2 -VACNF architecture, where individual freestanding VACNF arrays serve both as the support for the threedimensional (3-D) core-shell structure during the metal-organic chemical vapor deposition (MOCVD) and as a conductor connecting the photovoltaic materials. The TiO 2 coating on VACNFs can suppress recombination by introducing an energy barrier that increases the physical separation between photoinjected electrons and the oxidized redox species (holes) in the electrolyte, and forming a tunneling barrier that corrals electrons within the conducting cores or passivating recombination centers on the oxide surface. 16 The 300-400 nm spacing between CNFs makes it feasible for the vapor precursors to access the whole CNF surface and form a uniform coating all of the way down to the bottom. With enough deposition, TiO 2 forms nanoneedle texture along the sidewall of CNFs. An analysis of the photoluminescence spectra indicates the fluorescence quenching due to electron-hole separation at the TiO 2 -CNF heterojunction.
Experimental Methods
There are four steps in this study. First, a VACNF array was grown from the Ni catalyst-coated Si substrate using a homebuilt DC biased PECVD system. 17, 18 Second, TiO 2 layer was deposited on the VACNF via MOCVD using a tube furnace (Lindberg/Blue, EW-33850) directly supplied with titanium isopropoxide vapor, [Ti{OCH(CH 3 ) 2 } 4 ] (ACROS, ORGANICS, 98%), under 150 mTorr at 550°C for 10-60 min. Third, the structure of the hybrid TiO 2 -VACNF arrays was characterized with scanning electron microscopy (SEM) (Hitachchi S-3400 N) and X-ray diffraction (XRD) as intact vertical arrays on Si substrates. XRD was performed with a Bruker D8 X-ray diffractometer with the monochrochromatic Cu KR radiation (λ ) 1.542 Å). Some TiO 2 -coated CNFs were scraped off from the Si substrate and deposited on a grid for transmission electron microscopy (TEM) measurements using FEI CM100 with accelerating voltages up to 100 kV. Finally, the optical properties of the hybrid TiO 2 -VACNF array and its charge separation capability were probed by continuous-wave (cw) photoluminescence (PL) emission spectroscopy. The excitation pulses of about 100 fs at a repetition rate of 76 MHz were generated by a frequency tripled Ti-sapphire laser with an average power of 50 mW at 263 nm (4.71 eV). A single-photon counting detection system together with a microchannel-plate photomultiplier tube and a 1.3 m monochromator has the detection capability ranging from 185 to 800 nm. Low temperature (10 K) PL measurements were performed by mounting the sample in a stage with a coldfinger in a closed-cycle helium refrigerator. Commercial anatase TiO 2 NP with the diameter of ∼15 nm (MKnano, MKNTiO 2 -015A) was used as a reference sample in XRD and PL measurements. Figure 1A shows a SEM image of an as-growth VACNF array, revealing that each CNF is well aligned vertically at the substrate surface and separated from its neighbors. The average diameter of the CNF is ca. 80 nm in this sample, and the length is about 5 µm. A more detailed investigation of as-grown CNF by TEM (Figure 2A ) demonstrated that the CNFs have a mean diameter of ca. 80 nm, consistent with the SEM observation. From the TEM image, we can see bamboo-like closed graphitic shells across the hollow central channel along the tube axis, which is due to the fact that the graphitic layers are not perfectly parallel to the tube axis. The Ni catalyst particles remain at the tip enclosed with a few graphitic carbon layers as reported before. 17, 18 This structure is a representative signature resulted from the PECVD growth processes and thus is commonly referred to as CNFs to be structurally distinguished from MWCNTs. Figure 1A shows a large space between neighboring CNFs, which offer unique advantages for their use as a 3-D template for TiO 2 deposition and dye molecule adsorption. TiO 2 was deposited onto the VACNF array using a MOCVD process at 500-600°C. Figure 1B -D shows TiO 2 coating on the outerwall of aligned CNFs with increasing thicknesses corresponding to the deposition time of 10, 30, and 60 min. Particulated TiO 2 film conformally wraps around each individual CNFs while they retain the original vertical alignment. The TEM image ( Figure 2B ) reveals that the TiO 2 layer is 5-10 nm thick after 10 min of deposition. Energy-dispersive X-ray spectroscopy (EDX) measurements on the TiO 2 -covered VACNF show strong signals from carbon, titanium, and oxygen (see Figure  S2 ), supporting the TiO 2 -CNF core shell composition. Interestingly, a unique nanoneedle-like TiO 2 texture starts to emerge from the initial NPs as the deposition time is increased over 30 min. As shown in Figures 1D and 2D , needle-shaped TiO 2 nanostructure with the mean diameter of 15 nm and the mean length of 50-100 nm was deposited onto the surface of CNF. The orientation of the nanoneedles is random so that most of them tip off from the CNF surface, yielding a large effective surface area.
Results and Discussion
One important feature is that the TiO 2 NP film or nanoneedles are uniformally deposited along the whole CNFs as shown in Figure 3 . The previous study using aligned ZnO NWs as anode in DSCs 5 found that the energy conversion efficiency was limited by the total ZnO surface area, which was only ∼1/5 of the TiO 2 NP film. The lack of enough surface area hindered the expected benefits of forming electron speedway in the ZnO NW architecture. The nanoneedle-like texture on the sidewall of VACNFs can overcome this problem by increasing the effective surface area of TiO 2 to the same level of NP films. It would be then very interesting to investigate whether the advantage in collecting electrons through the aligned CNF speedway can be realized.
The crystal structure of the TiO 2 material was characterized by XRD. Figure 4 shows the XRD patterns of TiO 2 nanoneedle coating on VACNFs after 60 min of MOCVD in comparison with a reference sample (a film of commercial TiO 2 NPs of 15 nm in diameter). The diffraction peaks in Figure 4A can be nicely indexed with anatase TiO 2 structure (JCPDS card number 78-2486). 19 The diffraction peak width of the TiO 2 -CNF sample is much narrower than the commercial TiO 2 NP, indicating that at least one dimension of the TiO 2 material on CNF is much larger than 15 nm, that is, the diameter of TiO 2 NP. Rocking curve (not shown) indicated that the orientation of the TiO 2 nanoneedle crystals is fully random with a uniform powder pattern. As the deposition time increases, the full-width at halfmaximum (fwhm) of (101) diffraction decreases as shown in Figure 4B . The corresponding coherent length of (101) diffraction can be calculated using L ) 2π/∆q, where ∆q is the fwhm in momentum transfer, giving 11 nm for 10 min of deposition, 19 nm for 30 min of deposition, and 52 nm for 60 min of deposition, respectively. These are consistent with the TEM images shown in Figure 2 . To investigate the trapping, immigration, and transfer properties of charge carriers, PL spectroscopy measurements have been carried out on the TiO 2 -VACNF sample after 60 min of deposition in comparison with a film of commercial TiO 2 NPs (∼15 nm in diameter). The PL spectrum of the system is formed as a result of the competition between electron-hole separation, electron-phonon scattering, and electron-hole recombination. TiO 2 has a direct band gap but is subjected to dipole-forbidden transitions. 20 As a result, previous reports demonstrated that it is difficult to observe PL response at room temperature for bulk TiO 2 due to its indirect transition nature. 20, 21 However, PL signals were found from TiO 2 NPs 20,23 and thin films. 21, 22 Furthermore, the intensity of PL in nanometer-sized TiO 2 increased as the test temperature decreases 24 following the wellknown Varshni model. 25 Low-temperature PL measurements can obtain much clearer emissions bands. The band gap energy for anatase TiO 2 crystal is known to be 3.4 eV. 22 Here, the PL spectra were measured with the excitation wavelength at 263 nm (4.71 eV). Figure 5A and B represents PL spectra of TiO 2 NP film and TiO 2 -VACNF after 60 min of deposition at 300 and 10 K, respectively. At 300 K ( Figure 5A ), two characteristic luminescence peaks for TiO 2 NP film are observed at 480 nm (2.58 eV) and 580 nm (2.14 eV) as indicated by the arrows in Figure 5 . The PL intensity of both emission bands is significantly enhanced at 10 K with the 480 nm band increasing more than the 580 nm band. No PL band was observed in the region of 300-430 nm (4.13-2.88 eV), which corresponds to band edge luminescence as reported before 23 with liquid-phase prepared anatase TiO 2 NPs. The emission signal at 480 nm can be attributed to the charge-transfer transition from Ti 3+ to oxygen anion in a TiO 6 8-complex associated with oxygen vacancies at the surface. 26, 27 The origin of PL band at 580 nm (2.14 eV), however, is unknown at this moment. At 10 K, most of the excited electrons return to the shallow level, leading to PL enhancement at 480 nm. At room temperature, most electrons in the shallow level are thermally ionized by taking a transition to the conduction band and may recombine through nonradiative transitions, resulting in the rapid decrease in the PL intensity at 480 nm. The intensity reduction with increasing temperature may thus be mainly induced by enhanced nonradiative recombination. 28, 29 Previous studies have shown that room-temperature PL can be obtained by coating the TiO 2 NP surface with stearic acid 20 or -OR groups. 23 For TiO 2 coated on VACNF, we observed the opposite phenomenon. As shown in curve b of Figure 5A and B, the PL bands were completely quenched at both 300 and 10 K. This phenomenon is similar to the results of a recent PL study with various quantum dots (QDs) including CdSe, CdS-coated CdSe, and ZnO, directly attached to MWCNTs. 30 The PL emission bands were recovered after the MWCNT surface was insulated with a thin layer of SiO 2 , revealing that MWCNTs were involved in the charge separation. The work functions of MWCNTs 31 and the CNFs in this study are similar (around 4.7-5.0 eV 12, 31 ). Thus, their Fermi level lies in the gap between the conduction band and valence band of the TiO 2 nanocrystals. The PL quenching may be originated from charge transfer of photoexcited electrons from the conduction band of TiO 2 to the empty electronic states of CNF at the TiO 2 -CNF heterojunction, resulting in nonradiative decay of the TiO 2 excited state. 30 This is consistent with the enhanced charge separation observed by Yu et al. 15 in the photoelectrochemical study using TiO 2 NPs on MWCNTs.
It is noteworthy that, even though CNFs share many common properties with MWCNTs, their microstructures are quite different. High-resolution TEM images in our previous study 9 showed that the CNF consisted of a stack of cuplike graphitic cones with the sidewall tilt from the CNF axis, in drastic contrast to the straight concentric tube structure in MWCNTs. This microstructure accounts for the bamboo-like graphitic layers running across the hollow channel at the CNF center. For the same reason, the sidewall of VACNFs also presents many broken graphene edges. The broken edges serve as active sites, which can facilitate the TiO 2 deposition and fast electron transfer. 32 Hence, CNFs are naturally a better template for TiO 2 deposition and more active as an electrode than MWCNTs. This might be the reason that we can obtain the nanoneedle-like TiO 2 texture on CNF surface, while Yu et al. 15 can only obtain a low density of NP film on MWCNT surface. In addition, VACNF array also presents sufficient space between individual CNFs so that a uniform TiO 2 coating can be obtained along the whole CNF from the tip to the bottom. This is a significant improvement from the previous study, 13 which only obtained TiO 2 NP deposition near the tip of MWCNTs.
The previous work by Law et al. 5 has shown great potential for using aligned ZnO NW arrays as electron speedway to improve the performance of DSCs. However, the overall energy conversion efficiency was limited by the fact that even the longest ZnO arrays (with 20-25 µm length and ∼125 aspect ratio) 5, 16 had only 1/5 of the active surface area of a traditional 10 µm TiO 2 NP anode. 1, 6 The PECVD-grown VACNF array can be easily grown with a density similar to that of ZnO NW arrays and an aspect ratio over 400 (with diameter of ∼50-100 nm and length up to 40 µm). As illustrated in Figure 6 , the outer surface of the VACNFs can be further decorated with the nanoneedle texture. The TEM image in Figure 6C shows that the average number of TiO 2 nanoneedles is ∼3.5 in every 100 × 100 nm 2 area. Even using a simple model assuming that the TiO 2 nanoneedles are smooth rods, coating the CNF surface with 15 nm diameter and 100 nm long TiO 2 nanoneedles will increase the surface area by a factor of 3. The roughness of microstructure of the nanoneedles can easily increase the effective surface area by an additional factor of 3-5. The overall effective surface area of the TiO 2 -VACNF hierarchical architecture could reach or surpass that of the TiO 2 NP anodes in traditional DSCs.
Conclusions
In summary, we have demonstrated the synthesis of hybrid TiO 2 -VACNF architecture by a MOCVD strategy. By tuning the growth time, the structure of TiO 2 can be controlled from a thin NP film to a nanoneedle-like texture. An analysis of the PL spectra indicates complete fluorescence quenching due to electron separation at the heterojunction of TiO 2 and CNFs. Combining the large effective surface area of nanoneedle-like TiO 2 texture with the high intrinsic carrier motilities and fast electron transport through the highly conductive CNF core, this new hierarchical hybrid TiO 2 -VACNF architecture may significantly improve the performance of DSCs, photoelectrolysis, photocatalysis, biosensors, and other optoelectronic devices.
